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In this paper for the first time, a 60 GHz bidirectional Millimeter Wave (MM-Wave) Radio over Fiber (RoF) transmission
through a new frequency dual 16-tupling of 3.75 GHz local oscillator (LO) is demonstrated. The proposed system is
constructed with parallel combination of two cascaded stages of MZMs. The upper cascaded stage and the Lower cascaded
stages are biased at the Maximum Transmission Point (MATP). By suitable adjustments of LO phase and amplitude, optical
sidebands with spacing of 8 times the input LO frequency is generated. These sidebands are then separated using filters to
achieve dual 16-tupling. A good agreement between numerical derivations and the simulation results are achieved. Further,
a simulation is performed to access the dual bidirectional transmission performance for the double and single tone
modulation with 2.5 Gbps data transmission. The transmission distance is limited to 25 km for the double tone modulation
due to bit walk of effect. A 60 km link distance is achieved with single tone modulation. The dispersion induced power
penalties less than 0. 5 dB at 10−9 BER is observed for both up and down streams.
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From the past two decades demands for the high data rate
wireless services are ever increasing. To support such a
growing demand, a higher bandwidth carrier frequency is
required. As the lower frequency spectrum up to 30 GHz is
congested, the MM-Wave band (30–300GHz) is now con-
sidered to be the promising candidate for the support of
the emerging data traffic since it offers 270 GHz bandwidth.
Though, a major bottle neck of the MM-Wave communi-
cations are the MM-Wave generation and transmission
since the electrical generation suffers from the limited fre-
quency response of the available conventional electronics
components and, the MM-Wave transmission suffers from
huge free space/cable losses [1]. A viable solution for this
issue enables us to use the hybrid system which combines
both wireless and optical communications, where the MM-
Waves are generated by optical methods at the central sta-
tion (CS) and distributed over an optical fiber to the base* Correspondence: esaionly@gmail.com
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MM-Wave enjoys the low loss and huge bandwidth of the
optical fibers. Several optical MM-Wave generation
methods have been proposed including direct modulation
of the laser diode, optical heterodyning of the highly corre-
lated laser sources and external modulation. Among these,
external modulation based frequency multiplication tech-
niques have become popular due to higher modulation
bandwidth, tunability and high stability [2, 3]. Several multi-
plication techniques have been proposed with different
multiplication factors such as doubling [3], tripling [4],
quadrupling [5–7], sextupling [8], octupling [9], 12-tupling
[10], 16- tupling [11, 12] and so on. A MM-Wave gener-
ation technique with highest frequency multiplication fac-
tor reduces the need of high frequency RF local oscillator at
the CS. However, cost effective design of CS as well as the
BS is a challenge. A full duplex RoF system which shares a
single laser source is a one of the cost effective techniques.
In addition to this, reduction of high frequency RF LO at
the CS will bring down the cost of the entire system.
Hence, a full duplex RoF transmission with frequency dual
quadrupling was proposed in [13], dual sextupling [14] and
dual octupling presented in [15] these methods were usingis distributed under the terms of the Creative Commons Attribution 4.0
rg/licenses/by/4.0/), which permits unrestricted use, distribution, and
e appropriate credit to the original author(s) and the source, provide a link to
changes were made.
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supporting two BSs simultaneously. However, as the fre-
quency multiplication factor is too low, there is a demand
for a high frequency RF local oscillator at the CS. To
achieve a higher frequency multiplication factor, two or
more MZMs were employed either in series or in parallel
configuration. A cascaded combination of two MZMs was
used to generate frequency quadrupling [16], sextupling
[8, 17] and octupling [18]. Three arm MZM was used for
the generation of sextupling in [19] and three parallel
MZMs were used to generate sextupling, 12-tupling and
18 tupling in [20]. A frequency octupling was generated
using 4 MZMs in [21, 22].
In this paper, we propose a novel frequency dual 16-
tupling of the given RF local oscillator which will consid-
erably eliminate the need for a high frequency RF local
oscillators at the CS compared to the other techniques
proposed in [13, 15] and also as it supports full duplex
transmission by wavelength reuse, cost of both CS and
BS can be greatly minimized. A mathematical proof of
the proposed scheme is presented and for the proof of
concept a simulation is conducted with full bidirectional
MM-W RoF transmission.
The structure of this paper is as follows, the mathem-
atical principle behind the proposed technique is dis-
cussed in the section II. The simulation work and results
of proposed scheme is presented in section III and fi-
nally, conclusion is presented in the chapter IV.Principle
The principle behind the proposed scheme is depicted in
Fig. 1. The proposed configuration is composed of paral-
lel combination of two cascaded MZMs. A CW DFB
laser source Eo(t) = Eocosωct drives the both upper and
the lower cascaded stages of the MZMs. The upper cas-
caded stage consists of MZM1 and MZM2 and theFig. 1 Schematic of the proposed system CW: Continuous Wave; MZM: Ma
Grating; OAMP: Optical Amplifier; PD: Photo detectorlower cascaded stage consists of MZM3 and MZM4,
they are all biased at its Maximum Transmission Point
(MATP).
The both the electrodes of the MZM1 is driven by
v1(t) =Vrf sin ωmt, and the transfer function of the
MZM1 can be expressed as,
















where Vrf is the RF signal amplitude, Vπ is the switching
bias voltage of the MZM, Vb1 and Vb2 are the bias
voltage of the electrodes, by setting Vb1 =Vb2 = Vπ/2, the
Eq. (1) can be rewritten as,
EMZM1 tð Þ ¼ Eo4 cosωct j e
jm sin ωmtð Þ þ e−m sin ωmtð Þ
 h i
ð2Þ
where m = πVrf/Vπ is the modulation index. Using the
Bessel function of first kind the Eq. (2) can be written
as,





where J(.) is the Bessel function of order n. The Eq. (2)
shows that the output of MZM1 contains even order
sidebands along with central carrier. And the electrodes
of the MZM2 are driven by v2 tð Þ ¼ Vrf sin ωmt þ π2
 
,
the transfer function of the MZM2 can be expressed asch-Zehnder Modulator; OBPF: Optical Band Pass Filter; FBG: Fiber Bragg
 h i
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jm sin ωmtþπ2ð Þ þ e−m sin ωmtþπ2ð Þ
ð4Þ
Using Bessel function,






Then the output of the upper cascaded stage can be
expressed as,
EU tð Þ ¼ EMZM1 tð Þ  EMZM2 tð Þ ð6Þ
EU tð Þ ¼ −Eo2 cosωct

J0 mð Þ þ 2
X∞












By eliminating common terms and higher order terms
whose magnitudes are very low, the Eq. (7) can be re-
duced to,
EU tð Þ ¼ −Eo2 cosωctfJ0
2 mð Þ þ 2J0 mð Þ
X∞
n¼1 −1ð Þ
nJ2n mð Þ cos 2nωmtð ÞÞ
þ2J0 mð Þ
X∞
n¼1J2n mð Þ cos 2nωmtð Þ








Simplification of the above eqn. results,Fig. 2 Simulation setup. CW: Continuous Wave; MZM: Mach-Zehnder Modu
Intensity Modulator; SMF: Single Mode Fiber; OAMP: Optical Amplifier; PD:
Oscillator; BERT: Bit Error Rate TesterEU tð Þ ¼ Eo2 cosωct −J0
2 mð Þ þ J22 mð Þ þ J22 mð Þcos4ωmt


þ 4J0J4 mð Þcos4ωmt−2J42 mð Þ−2J42 mð Þcos8ωmt
þ 2J62 mð Þ þ 2J62 mð Þcos12ωmt−4J0J8 mð Þcos8ωmt
−2J8
2 mð Þ−2J82 mð Þ cos8ωmt þ 2J102 mð Þ
þ J102 mð Þ þ 2J102 mð Þcos20ωmt−4J0J12 mð Þcos12ωmt
−2J12
2 mð Þ−2J122 mð Þcos24ωmt þ J142 mð Þ
þ2J142 mð Þcos28ωmt−4J0J16 mð Þcos16ωmt−2J162 mð Þ
−2J16
2 mð Þcos32ωmt−2J182 mð Þ
−2J18
2 mð Þcos36ωmt−4J0J20 mð Þcos20ωmt
−2J20
2 mð Þ−2J202 mð Þcos40ωmt− ⋯g
ð9Þ
From Eq. (9) one can observe that output of the
upper cascaded stage consists sidebands which are
integer multiples of four. In the lower cascaded
stage can output of the MZM3 is driven by
v3 tð Þ ¼Vrf sin ωmt þ π4
 
, and setting Vb1 = Vb2 = 0,
the transfer function of the MZM3 can be written
as be written as,














Using Bessel function of first kind,lator; OBPF: Optical Band Pass Filter; FBG: Fiber Bragg Grating; IM:
Photo detector; BPF: Band Pass Filter; LPF: Low Pass Filter; LO: Local
Fig. 3 Spectra after various test locations (a) output of the upper
cascaded Stage (b) output of the Lower cascaded Stage (c) Output
of the optical coupler





n¼1 J2n mð Þcos2nðωmt þ π=4Þ

ð11Þ
The output of the MZM4 driven by the v4 tð Þ ¼ Vrf
sin ωmt þ 3π4
 
and setting Vb1 = Vb2 = 0 can be written
as,
















EMZM4 tð Þ ¼ J0 mð Þ þ 2
X∞
n¼1 −1ð Þ





Hence the output of the lower cascaded stage can be
expressed as,
EL tð Þ ¼ EMZM3 tð Þ  EMZM4 tð Þ ð14Þ
EU tð Þ ¼ Eo2 cosωct

J0
2 mð Þ þ 2J0 mð Þ
X∞
n¼1 −1ð Þ
















1þ cos4n ωmt þ π4
 i	
ð15Þ
Simplification of the above eqn. results,
EL tð Þ ¼ Eo2 cosωct J0
2 mð Þ−J22 mð Þ−J22 mð Þcos 4ωmt þ πð Þ


þ4J0J4 mð Þcos 4ωmt þ πð Þ þ 2J42 mð Þ þ 2J42 mð Þcos 8ωmt þ 2πð Þ
−2J6
2 mð Þ−2J62 mð Þcos 12ωmt þ 3πð Þ−4J0J8 mð Þ cos8ωmt þ 2πð Þ
þ 2J82 mð Þ þ 2J82 mð Þ cos 16ωmt þ 4πð Þ−2J102 mð Þ
−2J10
2 mð Þcos 20ωmt þ 5πð Þ−4J0J12 mð Þcos12ωmt þ 3π

þ 2J122 mð Þ þ 2J122 mð Þcos 24ωmt þ 6πð Þ−J142 mð Þ
−2J14
2 mð Þcos 28ωmt þ 7πð Þ
−4J0J16 mð Þcos 16ωmt þ 4πð Þ þ 2J162 mð Þ
þ 2J162 mð Þ cos 32ωmt þ 8πð Þ−2J182 mð Þ
−2J18
2 mð Þcos 36ωmt þ 9πð Þ
−4J0J20 mð Þcos 20ωmt þ 5πð Þ þ 2J202 mð Þ
þ2J202 mð Þcos 40ωmt þ 10πð Þ−⋯

ð16Þ
The resultant optical output after the optical coupler
can be expressed as,
EO tð Þ ¼ EU tð Þ þ EL tð Þ ð17ÞCancelling the terms which are integer multiples of
eight and eliminating the higher order terms due to its
low power, the Eq. (18) can be expressed as,
EO tð Þ ¼ Eo2 cosωct

4J2
2 mð Þ − 8J0J4 mð Þ
 
cos4ωm tð Þ
þ 4J62 mð Þ − 8J0J12 mð Þ
 
cos12ωmt
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4ωc), (ωc ± 8ωc), (ωc + 12ωc), and (ωc + 20ωc) order side-
bands. For want of dual 16-tupling the upper sidebands
(ωc + 4ωc), (ωc + 12ωc) and (ωc + 20ωc) should be sepa-
rated and then only (ωc + 4ωc) and (ωc + 20ωc) sidebands
will be allowed to beat at the photo detector to result a
MM-Wave frequency output which is 16 time the input
local oscillator frequency. At the same time, the side-
band corresponding to the (ωc + 12ωc) will be reused by
the BS1 for the uplink data transmission. Similarly, the
lower sidebands (ωc − 4ωc) and (ωc − 20ωc) sidebands will
be beating at the photo detector to generate 16 tupled
MM-Wave and the sideband (ωc − 12ωc) will be reused
at the BS2 for the uplink transmission. Hence, along
with dual 16 tupled MM-Wave generation, a bidirec-
tional MM-Wave RoF communication can also be estab-
lished between the CS and BS.
Simulation, Results and Discussions
A simulation setup used for the verification of the pro-
posed system is shown in Fig. 2. A 10 MHz spectral
width continuous wave (CW) laser source with 193.1
THz central frequency is split equally and launched in to
the upper and lower cascaded stages of this configur-
ation. Both the MZMs in the upper cascaded stage and
the lower stages are biased at its MATP with switching
bias voltage of 4 V. The upper stage has two cascaded
MZMs (MZM1 and MZM2). In this, the MZM1 isFig. 4 Spectra after various test locations (a) Downstream data modulation
data modulation on −4th and −20th order sidebands from CS at BS2 (c) U
Upstream data modulation on −12th order sideband from BS1to CSdriven by 3.75 GHz Radio Frequency Local Oscillator
(RF LO) and the MZM2 is driven by the same LO with
90° phase shift. Bias voltage Vb1 and Vb2 are set to 2 V
for the upper cascaded stage. The lower stage has two
cascaded MZMs (MZM3 and MZM4). The MZM3 is
driven by a LO with 45° phase shift and the MZM4 is
driven by LO with 135° phase shift. Amplitude of all the
RF LOs are set to 4 V. The bias voltage of the lower cas-
caded stage is set to zero and the extinction ratios of all
the MZMs are set to 100 dB. As both the MZMs in the
upper cascaded stage is biased at MATP, the output of
the upper cascaded stage has sidebands which are inte-
ger multiples of four along with the carrier as shown in
Fig. 3(a). The output of the lower cascaded stage is
shown in Fig. 3(b). It contains similar sideband, but the
carrier (ωc) and sidebands which are integer multiples of
4 such as (ωc ± 8ωc), (ωc ± 16ωc) and (ωc ± 24ωc) are
exactly out of phase with the upper cascaded stage. Then
the output of the upper and lower cascaded stages are
combined using an optical coupler. The coupler output
shown in Fig. 3(c), it shows only the in-phase components
such as, (ωc ± 4ωc), (ωc ± 12ωc) and (ωc ± 20ωc). Further,
the coupler output is equally split and then, the upper
sidebands (ωc + 4ωc ), i.e., 193.115 THz, (ωc + 12ωc ) i.e.,
193.145 THz and (ωc + 20ωc ) i.e., 193.175 THz are sepa-
rated utilizing an optical band pass filter (OBPF) with
193.145 THz central frequency and 100 GHz bandwidth,
similarly the lower sidebands (ωc − 4ωc) i.e., 193.085 THz,on +4th and +20th order sidebands from CS to BS1 (b) Downstream
pstream data modulation on +12th order sideband from BS1 to CS (d))
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THz are separated using an OBPF with a central fre-
quency of 193.055 THz and bandwidth of 100 GHz band-
width. In the upper sidebands, +12th order sidebandFig. 5 Evaluation of code shift and corresponding eye diagrams (a) L = 0 k
and (f) Eye at L = 40 km(195.145 THz) is reflected using a Fiber Bragg Grating
(FBG) with the bandwidth of 10 GHz and now we can see
that the remaining +4th (193.115 THz) and +20th
(193.175 THz) order sidebands are differ by the frequencym (b) L = 25 km (c) L = 40 km (d) Eye at L = 0 km (e) Eye at L = 25 km
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with the 2.5 Gb/s NRZ data of length 27–1 using an inten-
sity modulator and then combined with the unmodulated
+12th (195.145 THz) order sideband as shown in Fig. 4(a).
This field is transported from CS to the BS1 over a 25 km
SMF with 0.2 dB/km attenuation coefficient and 16.75 ps/
nm-km dispersion coefficient. The dispersion slope and
PMD coefficient of the fiber is 0.075 ps/nm2.km and
0.05 ps/√km. At the BS1, before the photo detection
process another FBG with 10 GHz bandwidth is tuned to
reflect the unmodulated tone located at 195.145 THz
which is reused for carrying the 2.5 Gb/s NRZ upstream
data over 25 km SMF from BS1 to CS. The upstream data
modulated spectrum from the BS1 is shown in Fig. 4(c).
The losses of both the links are compensated using an op-
tical amplifier with a noise Figure of 4. Similarly at the
lower sideband spectra, a 2.5 Gb/s NRZ data modulated
over −4th (195.085 THz) and −20th (195.025 THz) order
sidebands are combined with the unmodulated −12th
(195.055 THz) order sideband and then transmitted from
CS to BS2 over 25 km SMF. The data modulated
spectrum for the BS2 is shown in Fig. 4(b). At the BS2
prior to the photo detection, the tone corresponding to
195.055 THz is separated using the FBG and reused for
the 2.5 Gb/s upstream data transmission to the CS. The
upstream data modulated spectrum from the BS2 isFig. 6 BER performance at (a) BS1 downlink (b) BS 1 uplink (c) BS 2 downlshown in Fig. 4(d). The downstream signal received at the
both the BSs are detected using a PIN photo-detector with
0.7 A/W responsivity, 100e−24 W/Hz thermal power dens-
ity and 10 nA dark current and then passed through a
band pass filter having a centre frequency of 60 GHz with
a bandwidth 1.5 times the bitrate so as to select the data
modulated 60 MM-Wave signal. This signal is then demo-
dulated and then passed through a low pass filter with a
bandwidth of 0.75 times the bitrate. The upstream data re-
ceived at the CS is detected using the PIN detector and
demodulated. BER performance of both downstream and
the upstream are measured by varying the received optical
power using an optical attenuator.
In the downstream, compared to the back-to-back case,
the BER performance is degraded due to the dispersion in-
duced RF power fading and the bit-walk off effect on the
dual tone modulation. Since the dispersion causes the data
on each sideband to undergo different time and phase
shift, the data bits walk off from each other as the function
of fiber length L [23]. The code shift between the side-
bands is measured for various length of the fiber and it is
shown in Fig. 4. From the Fig. 5(a)-(c), it is clear that the
codes on the sidebands are exactly coinciding when the
fiber length L = 0, the shift is acceptable when L = 25 km
and the data completely walks off when L = 40 km and be-
yond. The Eye diagrams of the corresponding lengths areink (d) BS 2 uplink
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eye completely closes. Hence the transmission distance is
limited to 25 km in case of the double sideband data
modulation with a power penalty of 5 dB at 10−9 BER
for the both BSs downlink. The BER performance
against the received power for BS1 and BS2 are shown
Fig. 6(a) and 5(c) respectively. But the BER performance
of the upstream transmission is very close to the back-
to-back (B-t-B) BER due to the fact that there is no
modulated RF carrier and hence no power fading and
bit walk off effect. Therefore, the dispersion induced
power penalty at the 10−9 BER for the upstream trans-
mission is less than 0.3 dB. The transmission distance
can be increased by modulating the data over only one
of the sidebands. As the data modulated over only one
sideband, the effect of dispersion induced power fading
and the bit walk off effects are eliminated. Hence the
transmission distance of the scheme is extended to
60 km. Further increase in the transmission distance is
attributed to the pulse broadening due to the disper-
sion. The BER performance of the single tone modula-
tion is compared with B-t-B case and double tone
modulation and is shown in the Fig. 6(a)-(d). The dis-
persion induced power penalty for the single tone
modulation is less than 0.5 dB for the down and up-
stream at 10−9 BER.Conclusion
A new approach for generating the frequency dual 16-tupling
is proposed and demonstrated using parallel configuration of
two stage cascaded MZMs. This system simultaneously sup-
ported two base stations with bidirectional data transmission
between BS and CS by wavelength reuse without additional
requirements; hence costs of the BSs are also reduced sig-
nificantly. Transmission Performance is evaluated for both
double tone and single tone modulation formats. The simu-
lation result showed 5 dB dispersion induced power penalty
in the downstream data transmission and less than 0.3 dB
for the upstream transmission over 25 km SMF at the BER
of 10−9 for the double tone data modulation. With the sin-
gle tone modulation transmission, the link distance is ex-
tended to 60 km with dispersion induced power penalty
less than 0.5 dB for both upstream and downstream.
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